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Abstract

Multilayer techniques, in conjunction with thick-film technology have been applied
to the design and fabrication of several multilayer microwave structures to achieve

the low cost and high performance goals set by modern microwave circuits and

systems.

To provide accurate material parameters for the design of multilayer thick-film
components, a novel slit cavity resonator method has been developed that enables the
relative permittivity and loss tangent of dielectric samples to be measured easily, and
with high accuracy. A particular feature of this method 1s that it can be used to
measure thick-film samples that are normally only available 1n relatively thin layers
In a two-layer format. Rigorous electromagnetic analysis on a slit cavity has been
performed that accounts for the effect of the fringing fields and the radiation from the
slits. The method has been wverified through measurement on several thick-film

materials over X-band.

Both the analytical methods and the fabrication techniques for multilayer microwave
microstrip structures are presented. Several multilayer thick-film microstrip line test
structures have been designed and characterised, and these provide a basic database

for the design of multilayer microstrip components.

A new design procedure for the multilayer end-coupled filter has been developed that
enables the designer to arrive at the physical dimensions of the multilayer structure
based on the filter specification. This design technique is effective as it combines the
accuracy of electromagnetic (EM) analysis and the efficiency of circuit simulation.
The multilayer gap, which 1s the most critical element of multilayer end-coupled

filters, has been characterised using EM analysis and the data is incorporated into a
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circuit simulator. Measured and simulated results are presented that verity the new
design technique. A 40% bandwidth has been achieved experimentally, which shows
a very significant improvement over conventional single layer structures, where the

bandwidth achievable is normally less than 5%.

Novel, octave band DC blocks have been designed, fabricated and tested using a new
multilayer format. The tight coupling required between the coupled lines 1n this
component was realized by overlapping these lines in a multilayer structure. Very
good agreement was obtained between measured and simulated data. The multilayer
approach was also applied to the design of coupled line bandpass filters where a

measured 80% bandwidth was achieved.

For the first time, the properties of multilayer coupled lines using a range of different
thick-film dielectrics are examined using their coupled-mode parameters. Design
curves for multilayer coupled lines are obtained, that provide important information

on the design of multilayer directional couplers.

A practical design strategy for multilayer directional couplers 1s developed, which
overcomes the problem of excessive computation that 1s normally associated with the
electromagnetic optimization of multilayer circuit designs. The methodology has
been verified through the design and measurement of wide bandwidth 2dB and 3dB

directional couplers that were fabricated using multilayer, thick-film technology.

New techniques for the design and fabrication of multilayer microwave thick-film

components have thus been established, both theoretically and through practical

circuit fabrication and measurement.
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Introduction

Interest in multilayer microwave structures has increased recently due to their
potential to meet size, performance and cost requirements of the modern wireless
market. With multilayer techniques one can employ several layers of metals
sandwiched by insulators, this leads to an efficient solution for system
miniaturization. Also, some of the circuit functions that are difficult to realize 1n
conventional single layer structures can be easily obtained by a multilayer
arrangement. For example, the strong coupling that 1s often required in the design ot
broadband directional couplers and filters can be obtained easily by overlapping
multilayer coupled lines, with less stringent geometrical requirements. The
multilayer approach will aid circuit integration and compaction, i1t also provides the
microwave designer with an additional degree ot design freedom. Whilst showing
many advantages, multilayer structures offer a challenge to the microwave circuit
designer. As multilayer microwave structures may comprise several layers of
dielectrics and metallizations, there 1s complicated electromagnetic coupling between
conductors 1n the same or different layers. Simple, accurate equivalent circuit models
are not available. In general, full wave analysis has to be employed to characterize
circuits of this kind. Since electromagnetic (EM) analysis usually requires a
considerable amount of computation time, practical and effective design strategies

are critical in the development of multilayer microwave structures, and it is the

generation of these design strategies that i1s the primary focus of this project.

A good understanding ot the coupling mechanisms involved in multilayer structures
1s crucial for effective multilayer circuit design. A number of the basic multilayer
microstrip building blocks investigated in this study are shown in Table 1. The

intention 1s that a detailed examination of the behaviour of these basic elements will



Table 1: Basic Multilayer Microstrip Building Blocks Studied
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lead to an efficient and systematic design methodology for multilayer microwave

structures. The multilayer microstrip structures studied cover multilayer end-coupled

filters, multilayer coupled-line filters, multilayer DC blocks and multilayer tight

directional couplers.

Fabrication technology is another important issue associated with the development of

low cost microwave circuits. Whilst most of the multilayer structures previously

reported 1n the literature use MMIC technology, thick-film technology, that is not

only low cost but 1s naturally suited to the fabrication of multilayer structures, has

been neglected. In this study, multilayer thick-film technology is employed in order

to offer a low cost, high performance solution. As precise knowledge about material

parameters 1s crucial for the design of multilayer microwave structures, techniques



for characterizing thick-film dielectric materials are also addressed in this thesis.

Fabrication and measurement of several multilayer circuits using thick-tilm
technology, including filters, DC blocks, and couplers, have veritied the design
methodologies developed in this work. Some new theoretical methods of circuit

analysis and design methods have been introduced, and these are discussed 1n some

detail in the appropriate chapters.

Chapter 1. Review of Previous Work. The status of current work on multilayer
microwave structures including multilayer filters and directional couplers 1s
described and discussed. Since the intention of the present work 1s to implement
circuits using thick-film fabrication techniques, a review of dielectric measurement

techniques applicable to thick-film dielectric materials 1s also presented.

Chapter 2. Characterization of Thick-Film Dielectric Materials. A comprehensive
error analysis especially for thin film two-layer dielectric measurement was
performed. By recognizing the most significant error contribution for thin sample
measurement, a novel slit cavity resonator method has been developed to enable
dielectric materials to be more easily measured. Rigorous electromagnetic analysis
on the slit cavity has been performed which accounts for the radiation effect from the
slits. The filling factor for calculating the dielectric constant and loss tangent is
obtained through electromagnetic calculation. The design of a slit cavity resonator

and sample preparation 1s described in detail. The method was verified through

measurements on a range of thick-film materials.

Chapter 3. Multilayer Microstrip Structures: Analysis and Fabrication. Microwave
structures in multilayer format are introduced and the general analytical methods and
fabrication techniques used are described. Several multilayer thick-film microstrip
lines were designed and characterized, and these provide a basic database for the
design of multilayer microstrip structures. The advantages of using multilayer

microstrip lines and their applications are also discussed.



Chapter 4. Multilayer End-Coupled Bandpass Filters. A new design procedure for a
multilayer end-coupled filter is developed, that allows the physical dimensions of the
filter to be obtained from given filter specifications. The new design technique
combines the accuracy of electromagnetic (EM) analysis with the efficiency of
circuit simulation. Multilayer overlap is characterized through EM simulation and the
results are incorporated into a circuit simulator for the simulation of the multilayer
end-coupled filters. Measured results are presented that show a significant
improvement in bandwidth performance when compared with the performance ot

conventional single layer structures.

Chapter 5. Broadband Multilayer DC Blocks and Coupled-line Bandpass Filters.
The design and measured performance of ultra-broadband DC blocks and bandpass
filters are presented, that make use of multilayer quarter wavelength coupled-line
sections, with two ports open-circuited. Analytical results show that this simple,
multilayer two-port quarter wavelength coupled-line section exhibits very strong
coupling when there 1s an overlap between the two coupled lines. These results lead
to design of several DC blocks with more than one octave bandwidth and very low
insertion loss. Furthermore, as these coupled-line sections exhibit strong resonant

pertormance, they were used to construct coupled-line filters that yielded ultra-

broadband performance.

Chapter 6. Multilayer Directional Couplers. A new, practical design strategy for
multilayer directional couplers is presented. The properties of multilayer coupled
lines using a range of different thick-film dielectrics are examined using their
coupled-mode parameters. Design curves for multilayer coupled lines are obtained,
that provide important information in the design of multilayer directional couplers. A
practical design strategy for multilayer directional couplers 1s developed, which
overcomes the problem of excessive computation that 1s normally associated with the
electromagnetic optimization of multilayer circuit designs. The methodology has
been verified through the design and subsequent measurement of wide bandwidth

2dB and 3dB directional couplers that were fabricated using multilayer, thick-film



technology.

Chapter 7. Conclusions and Suggestions for Further Work. This provides a
summary of the main outcomes of the work, and 1s supplemented in Appendix A by
details of the publications that have resulted from this project. Some suggestions are
provided for using circular cavities for measuring lower loss materials. Some
proposals are given for extending the design techniques developed 1n this study to the

design of multilayer coplanar circuits.
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1.1 Summary

The principal aim of the present work is to study design techniques for multilayer
microwave structures fabricated using thick-film technology. The combination of
multilayer technique and thick-film technology has the potential to achieve the low
cost and high performance goals required by modern microwave circuits and
systems. The work will focus on the exploration of an efficient design methodology
for multilayer microwave structures through the design, fabrication and testing of
several typical multilayer microwave structures, including multilayer filters, DC
blocks and directional couplers. To provide accurate material parameters for the
design ot these multilayer microwave structures, it is the intention to develop a
dielectric measurement technique that is suitable for characterization of thick-film

dielectric materials at microwave frequencies. Thus the review of previous work has
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been divided into two sections. The first section concentrates on the work that has
been reported on dielectric measurement techniques, especially the measurement
techniques suitable for thin sample measurement. The second section 1s concerned
with the existing studies on multilayer microwave structures, including multilayer
filters and directional couplers. Both the current status of the design techniques and

multilayer circuits performances that have been achieved are summarized.

1.2 Dielectric Measurement Techniques

Precise data for the dielectric constant and loss tangent of dielectric materials used in
multilayer circuits at microwave frequencies 1s essential for accurate circuit design.
These material parameters are critical for obtaining the correct characteristic
impedance of the transmission lines and interconnections as well as for determining
propagation delays and predicting line loss. Without this material data, the physical

layout and performance parameters of the multilayer microwave circuits cannot be

accurately established.

Numerous methods for the characterization of dielectric materials at microwave
frequencies have been reported in the literature. However, these methods vary

significantly in respect of accuracy, applicable frequency range, requirements for
sample preparation, sample thickness and geometry, measurement system equipment,

measurement speed, and also 1n the level of complexity required in processing the

measured data.

At low frequencies, the dielectric measurement techniques are quite mature.
Complex permittivity ot the material 1s generally determined through a capacitance
measurement with the sample held in a simple parallel-plate fixture. Capacitance and
dissipation factors of the lumped capacitors are measured using a bridge or a
resonant circuit [1]. The complex permittivity of the material is then calculated from

this data. However, this technique 1s only useful up to the lower end of the VHF
band.
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At microwave frequencies, the sample may be placed inside a microwave
transmission line or a resonant cavity. The electrical properties of the line or cavity
are then measured to obtain the dielectric parameters. Since the propagation
characteristics of an electromagnetic wave are influenced by the property of the
medium through which 1t propagates, the material can be characterized by
monitoring either the reflected or transmitted waves. At the present time, there are

several techniques for measuring dielectric constant and loss tangent at microwave

frequencies. These are:

Transmission line method [2] - The transmission line technique involves
positioning a sample of the material under test in a length of coaxial or waveguide
transmission line. The dielectric and magnetic properties of the sample modify the
propagation constant of the line in the region occupied by the sample and also
introduce reflections at both ends of the sample. These changes to the properties of
the transmission line are monitored by measuring the scattering parameters of the
line. The S-parameters are vector quantities, which can be readily measured using a
vector network analyzer. Once the S-parameters are known, they can be used to
calculate the complex permittivity of the sample, providing its exact length and

position are known.

Using this method, materials can be characterized over a wide frequency range, since
no resonant elements are involved. The transmission line technique is most suitable

for measuring the loss factors of medium to high loss materials.

Resonant cavity and cavity perturbation method - Resonant cavity and cavity
perturbation techniques have been extensively and successfully employed to measure
the dielectric constant and loss tangent of low-loss materials at microwave
frequencies [3-20]. These measurements are performed by Inserting a sample with a
specified shape into a microwave resonant cavity. In the case of a small sample, the
dielectric parameters can be determined from the shift of the resonant frequency and

the change of the cavity Q-factor. Figure 1.1 shows the components of a typical
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Figure 1.1: Components of a Figure 1.2: The longitudinal view
microwave resonant cavity of a cavity loaded with the sample

microwave resonant cavity. This 1s usually formed from a length of standard
rectangular or circular waveguide, with transverse metallic plates bolted to the end
flanges. An iris hole in each end plate allows energy to be fed in and out of the
cavity. Figure 1.2 shows the longitudinal view of a cavity loaded with a sample. The
length of the cavity, together with the reactance of the irises, determines the resonant

frequency.

Open-ended transmission line method — In this method the dielectric sample under
test 1s placed in close contact with the end of an open-ended microwave transmission
line, which may be coaxial cable [21], as shown 1n Figure 1.3, or a piece of circular
waveguide [22]. The input reflection coetficient 1s measured using a vector network
analyzer and the dielectric properties of the sample can be inferred through

numerical electromagnetic analysis.

Coaxial cable __Sample under test

Input reflection coefficient

Figure 1.3: Open-ended coaxial line measurement
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The benefit of this method is it can be used to measure samples over a wide
frequency range rather than limited discrete frequencies as with the cavity method. It
is also quick to set up the measurement system and the sample preparation 1s rather
simple. This method is also useful when it 1s difficult or undesirable to cut the
sample, such as when on-line quality control 1s needed. But the problem is that the

data processing is complicated since it involves a large amount of electromagnetic

computation.

Open resonator methods — Here, the sample 1s placed in an open resonator. Open
resonator methods are regarded as precise measurement methods for low loss
dielectric materials in the millimetre wave range 30-300 GHz[23-27]. Commonly
used open resonators are either of the confocal type in which two spherical mirrors
form the Fabry-Perot cavity, or the hemispherical type in which one spherical mirror
and one flat mirror form the cavity. Figures 1.4 and 1.5 show the configurations of
spherical and hemispherical type open resonators respectively. Both types of mirror
are machined from brass and gold-plated after polishing. By measuring the resonant
frequency and Q-factor of the resonator with and without the sample loaded, the

complex permittivity of the materials can be determined.

Input |1 Output
Concave . e
Mirror Dielectric
S W W O
S / e
\ / .
\ ! Mirror

\ !
\ !

Dielectric sample

\ !
\ |
) !
| |
| |
I |
| I
! l

e T, e B RO L i

.
:‘:.:.'. '..: - { -ll" l‘:l a
e _,f’,.}_::. :.i" .:I-r::
e e e e i e e e e L n e 1 rr 0 r

Figure 1.5: Hemispherical type

Figure 1.4: Spherical type open resonator

open resonator
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The above-mentioned techniques have been mainly used for measuring bulk
materials. The measurement on thin samples, as in the case of thick-film dielectrics,

is always more challenging, as the sample 1s so small. Consequently, a very sensitive

technique 1s required.

The cavity perturbation technique has long been regarded as the most sensitive
technique and has been used in the thin sample measurement. For thin sample
measurement, one important advance was made by Janezic [9] who recognised that
to obtain high sensitivity in measuring thin samples, the sample should be positioned
in the area having maximum electric field strength so as to have maximum
interaction with the electric field. This 1s achieved by loading a thin sample against a
thick one in a circular cavity resonator so the thin sample 1s positioned 1n a strong
field and has more interaction with the field. From the shift of the resonant frequency
introduced by the thin sample, 1ts dielectric constant can be calculated. Li [18]
further developed this method to suit the measurement of thick-film dielectric in two-
layer format. In Li's method, a movable short-circuit 1s introduced to position the
sample at a location away from the end of the cavity so that the dielectric film can
always be loaded in the area of maximum electric field. This new positioning
technique maximised the shift of resonant frequency caused by the dielectric film
and consequently increased the accuracy of the measurement. Cavity perturbation
theory 1s employed to calculate the dielectric constant and loss tangent from the
measured resonant frequencies and Q-factors of the reference cavity which is loaded
with just the Alumina substrate, and of the same cavity when loaded with the two-

layer specimen.

However, there are some drawbacks in the existing techniques. In practice it is
difficult to position the sample at exactly the same place for each measurement,
which can lead to non-repeatability in measurement data and large errors in the
measured values. In addition, the samples require precise machining, and the cavity
needs to be dismantled and reassembled each time a new sample is tested, which

makes the measurement time-consuming. A new technique needs to be developed to
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solve this problem so as to provide a more etficient measurement technique, whilst

retaining high measurement accuracy.

1.3 Multilayer Microwave Structures

Although multilayer circuit structures have been widely used for digital and low

frequency systems, RF and microwave circuits are usually fabricated in single-layer
configurations. However, there has been considerable research interest in multilayer
circuits in recent years, as the use of multilayer circuit configurations make
microwave circuits more compact and the design more flexible. An example of a
conventional single layer microstrip structure and the corresponding multilayer
structure 1s shown 1n Figure 1.6. In the conventional single layer structure, the
conductor patterns are fabricated on the same layer over a common ground plane.

With a multilayer technique one can employ several layers of metals sandwiched by
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Figure 1.6: Comparison of microwave coupled-line structures. (a) single-layer

microstrip (b) multilayer structure.

insulators, and this leads to an efficient solution for system miniaturization.
Moreover, some aspects of circuit performance, such as tight coupling and broad

bandwidth, that are difficult to realize in conventional single layer structures, can be
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easily obtained by a multilayer arrangement. The strong coupling 1s obtained by

overlapping multilayer coupled-lines, with less stringent geometrical requirements.

Multilayer technologies also provide another degree of freedom in the design of
compact microwave components. This approach also ofters flexibility in the design

of circuits and subsystems, with the inherent advantages of high packing density and

improved circuit performance.

Multilayer structures have been found useful in the design of filters and couplers, as

well as DC blocks, baluns and antennas.

1.3.1 Multilayer End-Coupled Bandpass Filters

End-coupled bandpass filters (Figure 1.7) consist of transmission-line resonators that
are approximately a half-wavelength long at the midband frequency. The resonators
are coupled by means of the gap capacitance between the ends of adjacent resonator
sections. The design of single layer end-coupled bandpass filters 1s well documented
in the literature [28-30]. The structure of this kind of filter is simple and can be easily
implemented. However, the bandwidth 1s restricted due to the requirement for very
small gaps. Thus, traditionally, end-coupled filters are only used for narrow
bandwidth applications (about 5%). To overcome this limitation, end-coupled filters
have been explored to achieve wider bandwidth using multilayer configuration
(Figure 1.8). As shown 1n Figure 1.8, with a multilayer structure, the ends of the
adjacent lines are able to be positioned with a certain amount of overlap so as to

achieve the strong capacitive coupling that 1s required for wide bandwidth filter.

Figure 1.7: End-coupled filter
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Figure 1.8: The layout of a multilayer end-coupled bandpass filter

Schwab and Menzel[31] proposed a two-layer end-coupled bandpass filter using
suspended striplines. They reported a 10GHz filter with 400 MHz bandwidth and a

measured passband insertion loss of 0.8dB.

Schwab, Boegelsack, and Menzal [32] also discussed this kind of narrow band filters

in CPW configurations.

Cho and Gupta [33] presented a numerical optimisation design procedure for end-
coupled bandpass filters in multilayer microstrip configurations. A two-layer end-
coupled bandpass filter with 30% bandwidth was achieved at 3GHz, using a full
wave electromagnetic simulator for the design. However, both simulated and
measured return loss 1s rather poor (of the order of 10dB, or less). Also, the
characteristic impedance of each line resonator 1s set to a different value and these
values can only be obtained through a complicated optimization computation.
Although this 1s a very general design approach, it makes the design unduly

complicated and hence impractical for many situations.

The reported results on multilayer end-coupled filters show the potential of these
structures to give improved bandwidth. However, the creation of a practical design

procedure has not been addressed 1n the literature.
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1.3.2 Multilayer Directional Couplers

Directional couplers perform numerous functions in microwave circuits and

subsystems. Figure 1.9 shows the basic geometry of a microstrip coupled-line

directional coupler.

In many applications, directional couplers with tight coupling, 1.e. with coupling
around 3dB, are frequently required. There 1s considerable difficulty in achieving the
tight coupling with single-layer configurations, because of the narrow spacing
required between the coupled-lines. For example, the minimum achievable line
spacing for a conventional screen-printing thick-film process is about 100 um, this
limits the maximum coupling achievable to about 8dB using a quarter wavelength
section. A similar problem occurs in MMICs. Here the conductors must have spacing
between each other greater than 8 um to achieve high yields. Unfortunately,

dimensions of half this size are required for the realization of a 3dB coupler on a

75um thick GaAs substrate.

Input port Direct port
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